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University of Connecticut, 2014
Pre-ceramic polymers are attractive, low cost materials for the manufacture of ceramic
fibers and matrix materials in Ceramic Matrix Composites (CMCs). A new pre-ceramic
polymer, an ethanol-modified polyvinylsilazane (PVSZ), was synthesized and characterized.
The PVSZ polymer has been previously shown to be a viable precursor for silicon nitride and
silicon carbide based ceramics, but lacked stability when exposed to air. The PVSZ polymer was
synthesized via the ammonolysis of trichlorovinylsilazane in tetrahydrofuran (THF), and then
reacted with ethanol to form the ethanol-modified PVSZ. The PVSZ polymer and ethanolmodified PVSZ resin were each characterized with Attenuated Total Reflectance spectroscopy
(ATR), 1H Nuclear Magnetic Resonance (1H-NMR), and Gel Permeation Chromatography
(GPC), Thermogravimetric Analysis (TGA), Residual Gas Analysis (RGA), and X-Ray Powder
Diffraction (XRD) of the ceramic char after pyrolysis in various atmospheres.
A second new modified PVSZ was also synthesized. Rather than use ethanol, a second
silane monomer was added during synthesis, with the intent of stabilizing the polymer without
incorporating oxygen. The new end cap modified PVSZ (EC-PVSZ) was characterized using the
same methods outlined for the ethanol-modified PVSZ. Both modified systems demonstrated
improved shelf-life.
Chemical Vapor Deposition (CVD) was employed to deposit ZnO/SiO2 interfacial
coatings onto Nextel-440™ fabric. A new low pressure CVD (LP-CVD) furnace was designed
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to deposit SiO2 under reduced pressure. The effects of temperature, precursor amounts, and
coating thicknesses were examined to optimize the mechanical strength of the coated fabric.
Tensile testing of the fibers was used to evaluate the impact of the coating processes on the
fabric’s strength. Coated fabric was evaluated by X-Ray Diffraction, Scanning Auger
Microscopy (SAM), and Scanning Electron Microscopy (SEM).
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Chapter 1
Introduction

1.1 Ceramic Matrix Composites
There is a current need for advanced materials in the aerospace field as engineers
continue to push the limits of design. Conventional nickel-based superalloys have upper limits
of 1200°C,[1] and substantial effort is invested in current engine designs to ensure these
superalloys do not experience temperatures approaching that.[2] To breach this limit, replacing
engine parts with ceramics would be ideal since they offer an array of attractive properties
including higher melting points (greater than 1850 °C), chemical inertness, and lower density
compared to traditional metals. Despite these numerous advantages of ceramics, their tendency
to undergo catastrophic failure when subjected to a mechanical load has limited their usage in
many applications. In order to address this reinforcing material such as particulate, whiskers, or
fibers are introduced into the ceramic, greatly increasing their toughness. This combined
material is known as a ceramic matrix composite (CMC). Ceramic matrix composites typically
consist of three major components: a reinforcing material, an interface, and a matrix.
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1.2 Reinforcing Materials
Common types of reinforcing materials used in ceramic matrix composites include
particulates, whiskers, and fibers. Work presented here will focus on the use of ceramic fibers.
For engine applications, the reinforcing fiber must be capable of withstanding extended high
temperatures and oxidizing environments.

Oxide fibers are ideal for use in oxidizing

environments, as they are not susceptible to further oxidation. The downside to these fibers is
that they tend to have lower strength and creep resistance relative to non-oxide fibers.[1] Oxide
fibers are made from primarily alumina or mullite, and will often contain a lesser amount of
silica. Small amounts of other oxides such as boron oxide, zirconia, or yttria may also be
included to alter the properties. Table 1.1 details representative oxide fibers below.[3-6]
Trademark

Manufacturer

Fiber
Type

Composition
(wt%)

Diameter
(µm)

Density
(g/cm3)

Tensile
Strength
(GPa)

Nextel™-312

3M

alumina
/silica

1.7

3M

alumina
/silica

10-12
or
8-9
10-12

2.7

Nextel™-440

3.05

2.1

Nextel™-550

3M

10-12

3.03

2.2

Nextel™-610

3M

alumina
/silica
αalumina

10-12

3.75

1.9

Nextel™-720

3M

62% Al2O3
24% SiO2
14% B2O3
70% Al2O3
28% SiO2
2% B2O3
73% Al2O3
27% SiO2
99% Al2O3
0.2-0.3% SiO2
0.4-0.7% Fe2O3
85% Al2O3
15% SiO2

12

3.4

2.1

alumina
/silica

Table 1.1 Properties of selected alumina-based fibers.
At present, 3M™ is the largest manufacturer of oxide fibers. Their Nextel™-610 and
Nextel™-720 fibers have an excellent combination of tensile strength and creep resistance up to
1100°C,[6] which makes them useful in a variety of high temperature applications. Nextel™-610
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is an α-alumina based fiber, which possesses the highest tensile strength of the available high
temperature oxide fibers. Nextel™-610’s downsides are its higher density and Coefficient of
Thermal Expansion (CTE) relative to the other fibers. On the other hand, Nextel™-720 contains
both α-alumina and mullite. While this does result in a decrease in the tensile strength of the
fiber, Nextel™-720 has superior creep resistance, making this fiber superior for use at elevated
temperatures. These oxide fibers are all fabricated using sol-gel processes.[4] Using alumina
sols, gel fibers are spun and heat treated to form the final fibers.
While oxide fibers are still finding a foothold, non-oxide fibers have seen use in a wide
variety of applications. Carbon fiber based composites are a growing industry, finding use in the
aerospace and automotive fields.[7] While possessing superior strength compared to other fiber
types, carbon fibers are unsuitable for high temperature applications where oxygen is present.
Because of this, the non-oxide fibers used in high temperature applications in atmospheric
applications are typically SiC, Si3N4, or SiCN based. Table 1-2 contains information on several
non-oxide fibers.[3,8-11,13-15]
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Trademark

Manufacturer

Fiber
Type

Composition
(wt%)

Diameter
(µm)

Density
(g/cm3)

CG-Nicalon

Nippon
Carbide

Si-C

14

2.55

Hi-Nicalon

Nippon
Carbide

Si-C

14

2.74

2.8

Hi-Nicalon
Type S

Nippon
Carbide

Si-C

12

3.10

2.6

Sylramic

COI Ceramics

Si-C

10

2.95

3.2

Tyranno
Lox-E

Ube Industries

Si-C

11

2.39

2.9

Tyranno ZE

Ube Industries

Si-C

11

2.55

3.5

Tonen

Tonen

Si-N

10

2.50

2.5

SiNC-1400X

MATECH

SiNC

56.6% Si
37.7% C
11.7% O
62.4% Si
37.1% C
0.5% O
69% Si
39% C
0.2% O
96% SiC
3% TiB2
1% B4C
0.3% O
54.8% Si
37.5% C
5.8% O
1.9% Ti
58.6% Si
38.4% C
1.7% O
1.0% Zr
58.6% Si
38.2% N
2.7% O
0.5% C
97% SiNC
3% O

Tensile
Strength
(GPa)
3.0

12 - 14

2.48

2.7

Table 1.2 - Properties of selected silicon-based fibers.
Two of the most prevalently used SiC based fibers are Tyranno and Nicalon. Both of
these fibers are composed of small, β-SiC grains contained in an amorphous carbon phase.
Tyranno fibers are doped with small amounts of titanium or zirconium which helps to reduce the
grain size and improve high temperature properties.[8] Nicalon comes in three progressively
4

more expensive grades: CG-Nicalon,[9] Hi-Nicalon,[10] and Hi-Nicalon Type S.[11] Each
increasing grade reduces the amount of oxygen in the final fiber, which improves the high
temperature properties. Oxygen reacts with the carbon and silicon at temperatures above 600°C,
evolving CO and SiO gases which weaken the fiber. CG-Nicalon is produced by curing spun
polycarbosilane in air, which accounts for the high oxygen content. Hi-Nicalon dramatically
reduces the oxygen by curing using an electron beam under an inert atmosphere.[12] Hi-Nicalon
Type-S is manufactured similarly to regular Hi-Nicalon, but is subjected to an additional high
temperature heat treatment. Sylramic is a SiC based fiber with a small amount of TiB2 that
exhibits superior high temperature stability even compared to Hi-Nicalon Type S.[13] A handful
of other silicon based fibers are also found commercially, though they have not had the same
impact as SiC or carbon based fibers. Tonen has produced a Si3N4 fiber with properties slightly
lesser than Hi-Nicalon.[14] SiNC-based fibers have also attracted recent attention.[15]

1.3 Interfaces
The interface is a discrete layer between the reinforcing material and the matrix in a
CMC. While seemingly superfluous, the interface plays a critical role in increasing the
toughness of the composite by controlling the load transfer between the matrix and
reinforcement. Consider a system consisting of a reinforcing fiber embedded in a ceramic matrix
without an interface. Without an interface to control the fiber/matrix adhesion, two scenarios
arise. If the matrix adheres tightly to the fiber the composite will undergo catastrophic failure,
behaving akin to a monolithic ceramic. This is illustrated in Figure 1.1 below.
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Figure 1.1 - Composite exhibiting catastrophic brittle failure.
On the other hand, if the matrix adheres too loosely the lack of friction between matrix
and fiber will not allow for toughening mechanisms such as fiber pullout to occur. By applying
an interface, we can control the bonding/de-bonding interactions that take place between the
matrix and reinforcing substrate.
Selecting an interface material requires several considerations. The environment that the
CMC will be used in will determine if oxidation will be a problem, as well as temperature
requirements. The matrix and reinforcing material need to be considered as well, since they
must be compatible with the interface. While strength at high temperatures and chemical
inertness tend to be the most important assets of the matrix or reinforcing materials, the interface
favors structure as the most important factor. The two materials that have found the most use as
interface coatings are pyrolytic carbon (PyC) and boron nitride (BN).[16] Both materials have
high temperature stability in the absence of oxygen, as well as a hexagonal crystal structure with
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weak interactions between their basal planes. These hexagonal sheets can “slip” making for
ideal solid lubricants, which in turn is perfect for use as a buffer between a matrix and fiber.
This slippery interface allows for several toughening mechanisms such as crack deflection, fiber
pullout, and crack bridging, shown in Figure 1.2 below.

Figure 1.2 - Composite exhibiting fiber pullout and crack bridging.
Crack deflection takes place when a propagating crack is arrested by a filament. Fiber
pullout occurs when fibers are fragmented and pulled from a damaged section of the composite.
The friction of removing these fibers increases the toughness of the composite. Crack bridging
occurs when a crack spreads through the matrix, but fibers continue to span the fracture and
provide reinforcement to the damaged area.
Carbon was the earliest interface material used in a CMC. Carbon performs excellently
in Cf/SiC composites,[17] but as mentioned in the fiber section has terrible oxidation resistance at
temperatures above 400°C. A carbon interface readily oxidizes to CO and CO2 gas, and the
7

resulting loss of interface dramatically weakens a composite. Boron nitride (BN) was explored
as an alternative interface material, where the material demonstrated markedly improved stability
towards oxidation above 400°C.[18,19] While this enhanced stability was very promising, BN
interfaces have a different liability. BN readily reacts with ambient moisture, and will form
ammonium borates. These ammonium borates are thermally unstable, and will decompose to
form borea, water, and ammonia gas at temperatures as low as 100°C. Once again, this loss of
interface will have a dramatic effect on the toughness of a composite.
In order to improve the stability of a BN interface, two approaches have been explored.
The first of these was to dope silicon into the BN coating.[20] The rationale was that when
moisture reacted with the coating a borosilicate glass would form rather than ammonium borates.
GE demonstrated that this was feasible, and the resulting interface had greatly improved
oxidation resistance.[21] Another method is to protect the interface by depositing a secondary
coating on the BN. It is desirable for the secondary coating to be chemically stable, have high
temperature stability, and have a similar CTE to the other materials in the composite, so SiC[22]
and Si3N4[23] are the materials of choice. Our lab has made use of these multilayered BN/Si3N4
coatings to fabricate CMCs, and has shown that the duplex coatings offer higher strength in
moist conditions.
While non-oxide interface materials are thoroughly explored, oxide interface systems are
much less developed. Some materials have been explored, but they have not gained the
widespread use of their non-oxide counterparts. Monazite (LaPO4)[24] and scheelite (CaWO4)[25]
have both been explored as interface, but they suffer from processing problems. SnO2[26] and
ZrO2[27] have similarly been investigated, but the coatings formed were porous which is not
desirable in a fully dense CMC. Looking for alternative oxide interfaces, our group investigated
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the use of ZnO as an interface material candidate which will be discussed in detail in this
dissertation.
Finally, while high temperature CMCs make heavy use of interface coatings, not all
composite systems utilize an interface. Organic matrix composites (OMCs) are formed from
carbon fiber and epoxy resins. Modern OMC systems have upper use temperatures of 300°C,
and have found a wide array of uses in the military, aviation, and sporting. Since an OMC
matrix is not as brittle, the strength of the composite comes from the fiber. Because of this,
matrix adhesion to the reinforcing material is a non-issue due to the fiber bearing the applied
load.[17] The strength of the composite is directly tied to the strength of the reinforcing fiber.

1.4 Chemical Vapor Deposition
Chemical vapor deposition (CVD) is a non-line of sight coating process that is often
employed to fabricate interface coatings. In the broadest definition, CVD involves the flowing
of gaseous precursors into a chamber to deposit on a heated substrate.[28] The precursors
decompose on or near the surface of the substrate, coating the substrate and generating
byproducts which are removed from the reactor. A large variety of CVD types exists,
depending on desired parameters. Reactors can be hot-walled, where the outer wall is heated, or
cold-walled where the substrate is resistively heated. Deposition can be carried out at
atmospheric or at low pressures. Factoring in differences in the coatings based on deposition
temperatures or dilution with other gases results in a staggering array of options. Specialized
derivatives such as plasma-enhanced CVD (PE-CVD) further expand available techniques.
Table 1.3 outlines some of the advantages and disadvantages of various CVD techniques.[29]
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CVD Technique
Atmospheric Pressure

Advantages
Higher deposition rates.
Better for oxide-based
materials.

Low Pressure

Greater coating
uniformity and quality.
Evenly heated substrate
gives more uniform
coating. Higher loading
capacity.
Deposition preferential
on substrate relative to
reactor.
Lower deposition
temperature increases
range of candidate
substrates.

Hot Wall

Cold Wall
PE-CVD

Disadvantages
Less control over
thickness.
Greater risk of
contamination.
Lower deposition rates.
Deposition occurs on
side walls necessitating
greater cleaning.
Uneven heating of
substrate can result in
non-uniform coating.
Generation of plasma
necessitates more
elaborate and expensive
setup.

Table 1.3 - Advantages & disadvantages of various CVD types.
The high temperature ceramics lab at UConn has specialized in the deposition of coatings
utilizing low pressure CVD (LP-CVD). Table 1.4 shows a list of materials that have been
deposited using our facilities.
Borides
TiB2

Carbides
SiC
Al4C3
TiC

Nitrides
BN
Si3N4
AlN
TiN
ZrN

Oxides
ZnO
SiO2
Al2O3
TiO2

Metals
Fe
Ti

Chalcogenides Silicides
ZnSe
MoSi2
TiSi2

Others
C
Si

Table 1.4 - Coatings deposited by LP-CVD at UConn.
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Our lab has made substantial use of BN/Si3N4 or BN/SiC duplex interface coatings for
use in composite fabrication.[30] This deposition chemistry of these materials is outlined in the
Equations 1.1, 1.2, and 1.3.
Equation 1.1

BCl3(g) + NH3(g) → BN(s) + 3HCl(g)

T = 800°C

Equation 1.2

3SiCl4(g) + 4NH3(g) → Si3N4(s) + 12HCl(g)

T = 800°C

Equation 1.3

CH3-SiCl3(g) → SiC(s) + 3HCl(g)

T = 1050°C

These duplex interface coatings were deposited on the fabric used to make non-oxide
CMCs in our lab. The coatings were deposited using a five foot hot-walled LP-CVD reactor,
which allowed for large sections of ceramic fabric to be coated in a single run. Our lab has also
deposited oxide coatings using LP-CVD, and the deposition of ZnO and SiO2 using a low
pressure system will be discussed in detail in Chapter 3.

1.5 Matrix
The matrix is the last necessary component of a CMC, and is vital since the intrinsic
properties of the matrix play a critical role in the functionality of the finished composite. Matrix
materials are selected with several important properties in mind. A high melting temperature and
high chemical inertness are desirable, as is a low density to reduce the weight of the composite.
A coefficient of thermal expansion tailored to the interface and fiber materials is important to
prevent mismatches, which could lead to cracking.[31] Thermal conductivity is incredibly
important. Great strides are taken to properly cool engine components, which are cooled by
diverted air that would otherwise be used for combustion. A high thermal conductivity allows
for greater heat transfer, reducing the amount of air needed and directly influencing the
efficiency of an engine.[32] Common matrix materials tend to be SiC[33] or Si3N4[34]. In oxidizing
environments, Al2O3[35] is common due to its inherent resistance to oxidation. Matrices can be
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deposited using techniques such as chemical vapor infiltration (CVI) or polymer impregnation
and pyrolysis (PIP).

1.6 Chemical Vapor Infiltration
While CVD is used to deposit on large surfaces, chemical vapor infiltration (CVI) is a
specific subset of CVD where a porous substrate such as a ceramic fiber or CMC is infiltrated
with a matrix material.[36] The aim of CVI is to fabricate a fully dense matrix, resulting in a
CMC with the maximum possible strength. Our lab has typically made use of CVI to deposit
SiC as a matrix material, but any material we have previously deposited via CVD (Table 1.4)
could also be done. SiC can be infiltrated using methyltrichlorosilane, as previously shown in
Equation 3, or deposited using a mixture of silicon tetrachloride, methane, and hydrogen, as
shown in Equation 1.4.[29]
Equation 1.4

SiCl4(g) + CH4(g) + H2(g) → SiC(s) + 4HCl(g) + H2(g)

T = 1100°C

CVI has the advantage of being able to infiltrate complex shapes with ease. However,
complex shapes also necessitate the use of complex tooling which can be expensive to fabricate.
CVI also has the advantage of making matrices with small amounts of impurities. Downsides to
CVI include long processing times and the generation of hazardous byproducts.[37]

1.7 Polymer Impregnation and Pyrolysis
Polymer impregnation and pyrolysis is a different method for forming a CMC matrix. A
porous preform that has been coated with an interface is impregnated with a pre-ceramic
polymer. The pre-ceramic polymer can optionally be mixed with a ceramic filler to improve
composite density, with the polymer acting akin to a binder. An ideal polymer will have a low
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viscosity to easily infiltrate the porosity, while still having a high ceramic yield (Equation
1.5).[38]
Equation 1.5 Ceramic yield (%) = (Mass of ceramic after pyrolysis) *100
(Mass of cured polymer)

The impregnated sample is placed under vacuum or hot pressed to help the polymer fully
infiltrate the preform, and then heated to form a green body. The green body is then cured in a
desired pyrolysis atmosphere to fully crystallize the matrix. The density of the composite is
evaluated, and then the material is re-impregnated with polymer. The process is repeated until
the composite density stops increasing. This procedure is outlined in Figure 1.3 below.

Figure 1.3 - Fabrication of a CMC via polymer impregnation and pyrolysis.
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Advantages to PIP include the ability to be performed at lower temperatures relative to
many CVI processes, as well as generally less hazardous side products. PIP also overlaps with
other common fabrication techniques such as injection molding, resulting in many procedures
applicable to both. PIP unfortunately requires numerous re-infiltration cycles (often 6 to 12),
which requires a substantial time investment. Gas evolution during curing can lead to open
porosity, and volume shrinkage of the matrix may also occur.[39] PIP often makes use of preceramic polymers such as polycarbosilanes or polysilazanes.[31]

1.8 Pre-Ceramic Polymers
Following the success of carbon fiber composites in the 1960s, composites with higher
oxidation resistance at elevated temperatures were desired. Silicon carbide and silicon nitride
were two obvious candidate materials due to their high oxidation resistance, strength, and
thermal stability. This led to a focus on silicon-based pre-ceramic polymers as potential
precursors to both ceramic fibers and matrix materials.[40]
Polycarbosilanes, precursors to form silicon carbide, first gained prevalence in work from
Yajima.[41,42] A dimethylpolysilane was formed from the reaction of dichlorodimethylsilane and
sodium metal, shown in Figure 1.4 below.
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Figure 1.4 - Synthesis of a polysilane via the Wurtz reaction.
The resulting polysilane was not soluble in conventional organic solvents and the
polymer decomposed before reaching its melting point, limiting its usefulness. However,
autoclaving this material at 450°C in an inert atmosphere resulted in a rearrangement to form a
polycarbosilane (Figure 1.5), which proved melt-spinnable.

Figure 1.5 - Kumada rearrangement of a polycarbosilane.
This inexpensive route paved the way for the creation of Nicalon fiber. An alternative
method to forming a spinnable fiber was utilized by Ube industries to form Tyranno fiber.
Reacting the polycarbosilane from the Yajima process with a polyborodiphenylsiloxane and a
titanium alkoxide results in cross-linking of the polycarbosilane caused by the titanium alkoxide.
15

This increased the molecular weight, rendering the polymer melt-spinnable. Another wellknown commercial polycarbosilane is Starfire™ SMP-10, which is commonly used as a SiC
matrix precursor for PIP processing.[43,44]
Polysilazanes are pre-ceramic polymers with an alternating silicon-nitrogen backbone.
Some of the earliest polysilazanes were produced by Rochow and Redl via the ammonolysis
process.[45,46] This facile reaction involves the introduction of ammonia to chlorosilanes and
was found to form cyclic oligomers. The use of liquid ammonia results in the formation of two
immiscible layers, one containing polysilazane and the other liquid ammonia and ammonium
chloride byproducts, allowing for easy separation of the polymer.[47] Ammonolysis processes
are the most widely used since a broad range of monomers can be polymerized using this
method. A sample ammonolysis reaction is shown in Figure 1.6 below.

Figure 1.6 - Ammonolysis of a dichlorosilane.
Initial polymers possessed low molecular weights, which posed a problem. Low
molecular weight oligomers tended to volatilize at low temperatures, resulting in low ceramic
yields. Seyferth found that by utilizing KH as a catalyst,[48] it was possible to deprotonate
adjacent Si-H and N-H bonds to cross-link the polysilazanes and increase the molecular weight.
This is shown in Figure 1.7.
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Figure 1.7 - Cross-linking of polysilazanes.
Another common method of polysilazane synthesis is via aminolysis.[49] Primary or
secondary amines can be reacted in a manner analogous to that found in an ammonolysis
reaction, seen in Figure 1.8.

Figure 1.8 - Aminolysis of a dichlorosilane.
The last of the common methods of polysilazane synthesis is via hydrazinolysis. Once
again, hydrazine is a similar enough analogue to ammonia that hydrazine will react in an
identical manner with chlorosilanes, as shown in Figure 1.9.
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Figure 1.9 - Hydrazinolysis of a dichlorosilane.
Just as polycarbosilanes provide an easy route to making SiC ceramics, polysilazanes are
cost-effective methods for fabricating SiNC or Si3N4 based ceramics. Commercially produced
polysilazanes are available, and include S200™ and Ceraset® Polysilazane 20. S200™ is a
hydridopolysilazane (HPZ) and is produced by COI Ceramics, Inc.,[50] while Ceraset®
Polysilazane 20 is produced by KiON®.[51] Commercial polysilazanes can be difficult and
expensive to obtain, leading to our research group exploring alternative methods for obtaining
these polymers.
Pre-ceramic polymers undergo several broad steps in their transition from liquid polymer
to solid ceramic. Under a normal heating cycle such as would take place when first curing and
then pyrolyzing a green body, solvents are removed below 200°C and the liquid polymer will
begin to cross-link. Between 200°C and 500°C, the evolution of low weight oligomers is
followed by removal of organic side groups such as methane or ammonia.. As the organic
groups are removed, the material will begin to resemble an amorphous ceramic. From 500°C to
900°C, loss of hydrogen occurs. Finally, as temperatures exceed 900°C crystallization of the
ceramic will start to occur. Some materials, such as SiCBN based ceramics may not crystallize
until temperatures as high as 1700°C.[52]
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1.9 Composite Testing
Once a CMC has been fabricated, we have utilized two primary techniques to evaluate
the sample. Tensile testing is used to evaluate fibers before and after the deposition of interface
and matrix materials to determine if the strength of the fiber has changed, while three-point bend
testing can analyze the fracture strength of a full composite. Both of these can be analyzed using
an Instron® testing system.[53]
Once a fabric sample has been coated with an interface, individual tows can be removed
and placed on tooling in a small CVD reactor. A thin coating of matrix material that will
ultimately be used to make the composite is deposited via CVI. The resulting samples are
termed “mini-composites” and can provide representative strength information before a full
composite is fabricated. However, the addition of the matrix layer often renders the samples
fairly brittle, which results in difficulties properly mounting the samples in the Instron®. To
address this, our lab has developed an easy to produce sample mount from cardboard, shown in
Figure 1.10 below.

Figure 1.10 – Tow mount for Instron® testing.
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Samples are placed on the mount, and fixed in place using an epoxy resin. The tow is
coated with a thin layer of an acrylic binder to ensure a uniform breakage. The samples are then
placed in the Instron®, and the sides of the gauge window are carefully cut so that only the tow is
tested. Samples are then broken at a speed of 0.01” / min. Figure 1.11 shows sample data that
has been converted to a stress/crosshead displacement curve.

Figure 1.11 – Tensile strength of Nextel-440™ fabric.
The data provided by the Instron® is voltages recorded as a function of time. This
necessitates calibration using known weights, and to convert to ksi (kilopounds per square inch)
the filament count per tow and cross sectional area of an individual filament are required.
Three point bend testing is a compression test used to evaluate a finished CMC. The
CMC is machined into test bars, and placed in the Instron®. An arm is slowly lowered down on
to the composite, and a strength/strain curve can once again be obtained from data measured by
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using the machine. The fracture strength can be determined using Equation 1.6,[54] and Figure
1.12 shows a diagram of the three point bend test.

Equation 1.6

Sf = 3PfL / (2bd2)

where

Sf = fracture strength at breaking force (MPa)
Pf = breaking force (N)
L = outer support span (mm)
b = test specimen width (mm)
d = test specimen thickness (mm)

Figure 1.12 – Three point bend test apparatus and required dimensions.
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______________________________________________________________________________

Chapter 2
Resin System Prepared via Ethanol Additions to
Polyvinylsilazane

2.1 Polysilazanes
In recent years, pre-ceramic polymers have seen considerable use as precursors to silicon
carbide and silicon nitride materials, which are used as part of ceramic matrix composite
materials currently being employed in high-temperature engines.[40,49,55-58] Since the early work
of Yajima[41], significant progress has been made in the variety and methodology of synthesizing
polycarbosilanes and polysilazanes. Our group has synthesized polyvinylsilazane, a silicon
carbonitride pre-ceramic polymer capable of forming silicon carbide or silicon nitride depending
on pyrolysis atmosphere.[59] The polymer was developed to contain a large number of vinyl
groups, as these have been shown to increase cross-linking and to provide a moiety to attach
different functional groups. Typically most vinyl containing polymers will contain roughly 20–
30% vinyl groups per repeat unit of polymer.[60] This polymer has shown a higher ceramic yield
when compared to commercially available polymers such as COI Ceramics S200 resin (60%)[50]
or Ceraset® Polysilazane 20 resin (82%).[61]
Due to the high vinyl group concentration, cross-linking at room temperature occurs in a
relatively short time. This severely limits its usability, requiring use of dilute solutions until
there is a need for processing. The reactivity has been attributed to the high vinyl group
concentration in the polymer backbone, as polymers with vinyl groups have been shown to
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require lower temperatures to cross-link.[62] PVSZ could also be cross-linked at room
temperature utilizing a radical initiator such as dicumyl peroxide. Regardless, this high
reactivity severely limits the practical usage of the PVSZ polymer for many applications.
Our group has tried multiple approaches to improve the stability of the PVSZ polymer.
One approach was the synthesis of a polymethylvinylsilazane, decreasing the number of vinyl
groups.[63] A new approach involved mixing PVSZ with various common organic solvents to see
the effect on PVSZ’s cross-linking behavior. Of the liquids tested, various alcohols showed a
marked increase in the time that the solution at room temperature would not solidify. The three
alcohols that were tested were methanol, ethanol, and 2-butanol. Over time, methanol was found
to solidify slightly ahead of the other alcohol samples, while 2-butanol turned the solution
slightly turbid over time. On the other hand, the polymer solutions containing ethanol remained
a clear liquid solution for several months at room temperature, greatly improving the lifetime of
the PVSZ. With ethanol a promising candidate for a lifespan increasing resin system additive, a
variety of experiments were run to determine if the addition of ethanol to PVSZ impacted the
yield of the ceramic product from heating the resin, and the material was evaluated as a matrix
for high temperature ceramic matrix composites.
2.2 Experimental
2.2.1 PVSZ Synthesis
Polyvinylsilazane was synthesized as previously detailed.[59] In short, 200 mL of
vinyltrichlorosilane (Gelest™) were added to 2000 mL of tetrahydrofuran (Sigma-Aldrich®) into
a Ultra-High Purity (UHP) N2 (Airgas®) purged and sealed 4 L Erlenmeyer flask. The THF
contained 250 ppm butylated hydroxytoluene (BHT) as a stabilizer. The flask was equipped
with two 9 mm, fused silica injector rods passing through a rubber stopper, one acting as an inlet
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for UHP nitrogen and anhydrous ammonia gas (Airgas), the other as exhaust (Figure 1). The
system was equipped with a stir bar, to help break up agglomerated ammonium chloride that
forms during synthesis. Ammonia was introduced into the system resulting in the formation of
distinctive white clouds of NH4Cl[64], shown in Figure 2.1 below.

Figure 2.1 – Ammonolysis of vinyltrichlorosilane.
The system was kept at 0°C, since the reaction becomes exothermic after approximately
an hour, preventing solvent boiling off. After the exothermic reaction had dissipated, the
reaction mixture was shaken to break up the NH4Cl agglomerates that had formed. Ammonia
was allowed to flow continuously into the reactor. The reaction mixture was allowed to reach
room temperature, and the flask was shaken until ammonia continued to pass from the exhaust
line with no drop in flow. The reaction mixture will reach a texture/consistency similar to
“cottage cheese”. The reaction mixture was filtered through a sintered glass fritted funnel,
separating the NH4Cl from a yellowish colored mixture of THF and polyvinylsilazane. The THF
was removed by a low pressure (<1 torr) vacuum yielding a yellow polymer.
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Figure 2.2 – Diagram of reactor vessel used to synthesize polyvinylsilazane.
2.2.2 Alcohol Additions
Solutions of neat PVSZ and ethanol (Sigma-Aldrich®, anhydrous) were prepared to
determine the minimum necessary ratio of ethanol (EtOH) to polymer to prevent cross-linking.
Samples of 0, 5, 10, 15, 20, 30, 40 and 50 weight percent (wt%) of ethanol were prepared, and
then sealed under UHP N2. The samples were observed over time, and the time of gelation was
recorded. To determine if other alcohols could also be used, samples of 0, 5, 10, 15, 20, 30, 40
and 50 wt% samples of methanol and 2-butanol (Sigma-Aldrich®) were also prepared and sealed
under UHP N2. These were also observed over time and the times when the samples gelled were
recorded.
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2.2.3 Solid Monolith Formation
The ability to form a solid monolith is an important property for the applications of
Ceramic Matrix Composites (CMC’s). For many commercial polysilazanes, this can be difficult
to form due to low ceramic yield. Forming a monolith provides an easier method for studying
the material, and is beneficial towards forming a matrix. A solid puck was formed by mixing 20
mL of 15 wt% ethanol-modified PVSZ resin with 1% by weight dicumyl peroxide (SigmaAldrich®), which acted as a cross-linking agent. The sample was heated to 300°C under flowing
UHP N2 at a rate of 1°C/min. The solid monolith was then heated to 1000°C at a rate of
1°C/min.
2.2.4 Silver Nitrate Additions
Silver nitrate was dissolved in anhydrous ethanol to form a 0.05 M solution. This was
added to PVSZ. Solid silver nitrate was also added to a solution of PVSZ. A separate
experiment was run where a samples of PVSZ was heated at 2°C/min to 1000°C in flowing UHP
argon. The exhaust line from the furnace was placed into a 0.1 M solution of silver nitrate, so
that if chlorine was evolved from the PVSZ sample the temperature at which the evolution took
place could be noted. The experiment was repeated using a water bath in place of the silver
nitrate bath as a control. Figure 2.4 below shows the experimental setup.
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Figure 2.3 – Setup to monitor chlorine evolution from PVSZ.
2.3 Characterization
ATR characterization was done using a Nicolet® iS5 spectrometer with a Ge plate. Peaks
were assigned with assistance from a compilation of organosilicon species.[65]

1

H-NMR

spectroscopy was performed using a Bruker Avance III 400. An 1H-NMR operating frequency
of 400.15 MHz was used, with 16 scans at 65536 data points. Peaks were assigned with help
from a compilation of common NMR contaminants.[66] The molecular weight of the polymers
was determined using a GPC Viscotek MAX TDA 302 tetra-detector using polystyrene
standards. Viscosity was determined using an Ostwald viscometer. Thermogravimetric analysis
was carried out with a SDT Q600 TGA. Samples of the polymers were heated to 200°C in N2,
then placed in the TGA and heated under flowing UHP argon at a rate of 5°C/min up to 1400°C.
RGA was done with a MKS Cirrus™ benchtop atmospheric residual gas analyzer. A sample of
ethanol-modified PVSZ was placed in a quartz boat and taken to 1000°C at a rate of 10°C/min in
a hot walled reactor. UHP argon was flowed continuously over the sample and a 3/8” (0.9525
cm) Swagelock® Ultra-Torr vacuum fitting was used to connect the end of the reactor to the
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RGA. Fragmentation patterns were determined using NIST’s online database.[67] Ceramic
powders for X-ray diffraction were prepared by heating samples of PVSZ and ethanol-modified
PVSZ resins in alumina boats to 1600°C under different atmospheres (UHP He, UHP Ar, UHP
N2, and anhydrous NH3). Samples were heated at a rate of 2°C/min to 1600°C, held for an hour
and then allowed to cool slowly to room temperature. XRD patterns were obtained with a
Scintag 2000 XDS instrument with a Cu Kα (1.5418 Å) X-ray source with a beam voltage of 45
kV and a beam current of 40 mA. The sample was analyzed from 5° to 90° at a scanning rate of
2°/min. X-ray diffraction patterns were confirmed using Joint Committee on Powder Diffraction
Standards (JCPDS) cards.
2.4 Results
2.4.1 Ethanol Additions
The 0, 5, 10, 15, 20, 30, 40 and 50 wt% ethanol-modified PVSZ samples were observed
over a period of several weeks. The samples were stored at room temperature, in vials sealed
with Parafilm® to inhibit moisture diffusion. Despite this, the neat PVSZ sample cross-linked in
less than a week. All other ethanol containing samples remained liquid for at least 5 months.
The 5 and 10 wt% were very viscous but ultimately still flowed, while the 15 and 20 wt%
remained at a consistency useful for making a CMC panel. Samples prepared with 30 wt% and
above were found to be too thin to act as a suitable resin.
2.4.2 Attenuated Total Reflectance Spectroscopy
ATR was used to analyze differences between the neat and ethanol-modified
polyvinylsilazanes, as shown in Figure 2.4. Samples of neat PVSZ and PVSZ with 15 and 50
wt% ethanol were heated under UHP N2 for 2 hours at 100°C to drive off excess THF. The neat
PVSZ sample was cross-linked, while the samples with ethanol remained a liquid. The samples
were found to have an absorption band at 3375 cm-1 which was assigned to N-H, with peaks
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indicating Si-CH=CH2 found at 1600 cm-1, 1410 cm-1, 1010 cm-1 and 900 cm-1. Si-N-Si was
assigned to the strong peaks at 1175 cm-1 and 915 cm-1. The peaks that change dramatically
between the two spectra occur at 1100 cm-1, 1075 cm-1, 900 cm-1, and 775 cm-1. The bands at
1100 cm-1 and 1075 cm-1 are consistent with the formation of Si-OCH2CH3,[11] while the vinyl
peak at 960 cm-1 appears to decrease with ethanol addition. The peak at 760 cm-1 grows as
ethanol is added, corresponding to the formation of C-Cl.

Figure 2.4 – ATR spectra of PVSZ, PVSZ with 15 wt% EtOH, and PVSZ with 50 wt%
EtOH.
2.4.3 1H-NMR
1

H-NMR was run on PVSZ and ethanol-modified PVSZ samples (Figure 2.5). Due to the

unstable nature of the neat PVSZ, samples were prepared with an excess of THF, which causes
the substantial peak size seen. Intense THF peaks are seen at 1.85 and 3.75 ppm. BHT was seen
at 6.98, 5.01, 2.27, and 1.43 ppm. The PVSZ samples show Si-Vinyl two broad peaks occurring
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at 5.99 and 5.89 ppm. N-H peaks are seen in the range of 1.20–0.20 ppm. Ambient moisture
was detected as a water peak at 1.56 ppm.
The ethanol-modified PVSZ samples show that the Si-Vinyl and N-H regions are still
present. Ethanol appears as two peaks, a broad peak at 1.27 ppm and a peak at 3.70 ppm that is
partially masked by THF. Broadening of the Si-Vinyl peaks is observed as the ethanol addition
results in new chemical environments near the vinyl groups.

Figure 2.5 – 1H-NMR of PVSZ, PVSZ with 15 wt% EtOH, and PVSZ with 50 wt% EtOH
in THF. As EtOH loading is increased, the corresponding ethanol peaks increase.
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2.4.4 Gel Permeation Chromatography
GPC was performed on the ethanol-modified and neat PVSZ samples to see if ethanol
addition had any impact on the molecular mass of the polymer. Four samples of each polymer
were run since there can be significant variance in readings at low molecular weights. The
average molecular weight of the neat PVSZ was found to be 900 ± 60 Da, while the sample with
ethanol-modified sample had an average molecular weight of 910 ± 50 Da. Samples were run
using 1000 Da polystyrene as the lowest molecular weight standard, so the values are based on
extrapolation of calibration data.
2.4.5 Viscosity
Viscosity measurements were performed on the neat and ethanol-modified PVSZ
samples. Equation 2.1 relates the viscosity of a solution (ƞ) to the solution’s density (p), a
constant for a given viscometer (B), and the time it takes for the solution to travel between two
consistent points on the viscometer (t).
Equation 2.1

ƞ = Btp

By calibrating the viscometer with ethylene glycol, a liquid with known viscosity and
density, B was calculated for the viscometer. The resin systems were found to have viscosities
of approximately 130 centipoise (cP). Removing additional THF increased the viscosity, but
compromised the stability of the resin. On the other hand, lower viscosities can be obtained by
simply diluting the polymer with THF.
2.4.6 Residual Gas Analysis
Residual gas analysis (Figures 2.6 and 2.7) was performed on the ethanol-modified PVSZ
polymer to determine the temperature that the ethanol was removed. The sample was heated in
an alumina boat to 1000°C in flowing argon. Masses that were of particular interest were those
corresponding to ethanol, ammonia, methane, and THF. Ethanol (m/z 45 and 31) is seen to be
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entirely removed from the sample at 400°C. THF (m/z 42 and 41) also has been removed at this
temperature. Methanol (m/z 32 and 31) overlaps with ethanol for m/z 32 and was looked for as a
possible decomposition product, but does not appear to be formed. The mass loss of NH3 (m/z 17
and 16), CH4 (m/z 16 and 15), and H2 (m/z 2) was also investigated, as these were believed to be
three of the primary mechanisms by which mass was lost when the polymer was heated.

Figure 2.6 – RGA fragments of THF, ethanol, and methanol. THF and ethanol appear to
be removed from the system by the time it reached 400°C.
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Figure 2.7 – RGA of H2, NH3, and CH4. The loss of methane and hydrogen above 400°C
correlate with the large mass loss in the TGA at 500°C.
2.4.7 Chlorine Detection
While the RGA was able to detect the evolution of many species from PVSZ, chlorine
was difficult to pinpoint. Heating the PVSZ slowly and observing a silver nitrate bath into which
the exhaust flowed, silver chloride formation was observed between 250 and 300°C. The best fit
from the RGA data in this range was for Cl2 evolution, but because some of the major mass
fragments overlap with THF it is difficult to say that chlorine is removed in this manner with
certainty.
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2.4.8 Thermal Gravimetric Analysis
TGA experiments were run on samples of ethanol-modified and normal PVSZ that were
cross-linked at 200°C in N2 (Figure 2.8 and 2.9). Samples were heated in the TGA to 1400°C at
a rate of 5°C/min under UHP argon flowing at 100 sccm. Neat PVSZ shows a ceramic yield of
about 88%, while ethanol-modified PVSZ shows a slightly lower yield of 85%.

Figure 2.8 – TGA of neat PVSZ heated to 1400°C in Ar. Ceramic yield of 88% is obtained.
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Figure 2.9 – TGA of ethanol-modified PVSZ heated to 1400°C in Ar. Ceramic yield of
85% obtained.

2.4.9 X-Ray Diffraction
XRD was performed on samples of ceramic char of both ethanol-modified and neat
polyvinylsilazane to 1600°C. Samples were heated in He (Figure 2.10), Ar (Figure 2.11), NH3
(Figure 2.12), and N2 gas (Figure 2.13), ramping at 2°C/min up to 1600°C, held for an hour and
then allowed to cool. Heating in He (Figure 2.10) yielded a mixture of predominantly β-SiC
(JCPDS 29-1129) with an α-SiC (JCPDS 29-1131) modification.

35

Figure 2.10 – XRD analysis of PVSZ and PVSZ/ethanol to 1600°C in helium. A mixture of
α-SiC
SiC and β-SiC is obtained for both samples.
Heating in Ar (Figure 2.11)) yielded a mixture of predominantly β-SiC
SiC (JCPDS 29-1129)
29
with an
α-SiC (JCPDS 29-1131)
1131) modification in both cases. The neat PVSZ also shows a mixed phase
material that included α-Si3N4 (JCPDS 41
41-360).
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Figure 2.11 – XRD analysis of PVSZ and PVSZ/ethanol to 1600°C in argon. α-SiC and βSiC are seen for both samples. A small amount of α-Si3N4 is seen in the PVSZ sample.
Heating in NH3 (Figure 2.12) resulted in α-Si3N4 (JCPDS 41-360), with both systems
showing a high degree of crystallinity. A slight broadening is observed in the ethanol-modified
polymer relative to the neat PVSZ, due to the higher carbon content inhibiting grain growth in
the ethanol-modified system.
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Figure 2.12 - XRD analysis of PVSZ and PVSZ/ethanol to 1600°C in ammonia. α-Si3N4 is
formed for both samples.
N2 resulted in the only difference between the two ceramic chars. Heating pure PVSZ in
N2 resulted in α -Si3N4, while the ethanol-modified PVSZ yielded a mixture of α-Si3N4 and SiC
(Figure 2.13). In both cases, the material was much more amorphous than the ceramic chars
obtained in the other atmospheres.
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Figure 2.13 – XRD analysis of PVSZ and PVSZ/ethanol to 1600°C in nitrogen. Primarily
α-Si3N4 formed, but the PVSZ/ethanol also shows some α-SiC.
2.5 Discussion
ATR-IR provides the greatest insight into the reaction taking place when ethanol is added
to PVSZ. There were no obvious O-H peaks observed, which indicates that the O-H bond is
being broken during the reaction. Additionally, the appearance of the two peaks at 1100 and
1075 cm-1 is characteristic of the formation of a Si-OCH2CH3 group. This indicates that the
oxygen on the ethanol performs a nucleophilic attack on the silicon, displacing a species attached
to the silicon (Figure 2.14).
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Figure 2.14 – Proposed reaction of ethanol with PVSZ.
Residual unreacted chlorine from the precursor seems the most likely ligand being
displaced. A brief test was conducted to confirm this, where a 0.1 M solution of silver nitrate in
ethanol was added to PVSZ. Silver chloride was quickly formed as a white precipitate. Silver
nitrate powder was then added to PVSZ, and no precipitate formed. This indicates that the
ethanol is displacing chlorine bound to the polymer and it is not free chlorine in the polymer
solution. The newly generated H+ and Cl- ions are free to then to undergo an electrophilic
addition on the vinyl group (Figure 2.15).

Figure 2.15 – Reaction of PVSZ with the HCl generated from ethanol addition.
This is supported by the decrease of the vinyl peak at 900 cm-1 and the increase of a C-Cl
peak at 775 cm-1 when ethanol is added. This would also explain the reduced reactivity of the
ethanol-modified PVSZ, since there would be fewer vinyl groups to cross-link.
Ethanol may also be displacing terminal amines on the polymer. One of the reasons that
polysilazanes lack long term stability is the elimination of terminal amines as ammonia over

40

time. This can be addressed by using specific synthesis methods or deliberately terminating the
polymer chains with a capping group.[68] The ATR showed a slight decrease in Si-N bonding as
the amount of ethanol added was increased. However, a drop in the weight distribution of the
polymer is not observed, indicating that the backbone is not being fragmented. This would
indicate terminal Si-N bonds are being removed, and ethanol is effectively acting as a capping
group.
1

H-NMR shows the expected peaks for the polymer, namely the broad Si-Vinyl doublet

at 5.9 ppm and the very broad range of N-H environments around 1.0 ppm. Ethanol peaks are
observed, but the signal is very strong relative to the PVSZ. The broadening of the Si-Vinyl
peaks upon in the PVSZ/ethanol spectrum also supports the reaction of some of the vinyl groups.
GPC showed similar masses for both the neat and ethanol-modified PVSZ. Both polymers were
shown to have an average molecular weight of about 900 Da. This indicates that ethanol does
not attack the polymer backbone.
RGA data show that despite ethanol reacting with the polymer, characteristic ionization
peaks (m/z 35 and 41) were observed for ethanol with a major loss around 200°C. A substantial
amount of ethanol is removed from the sample by 400°C. Residual THF is quickly removed as
well, with the majority gone by the time the sample reached 200°C. Since the XRD shows
differences in the obtained ceramic char, some of the ethanol is not completely removed. RGA
also offers insight into the mass loss of the polymer. H2, NH3, and CH4 appear to be the primary
species lost upon heating. Ammonia is lost primarily below 500°C, while a significant CH4 loss
is observed beginning at 400°C. An even greater H2 loss is seen at 400°C as well. This
correlates well with the TGA data which show an 8% decrease in mass between 400°C and
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800°C, indicating methane and hydrogen loss are responsible for the majority of the decrease in
ceramic yield.
XRD data show that pyrolysis atmosphere plays a substantial role in the material that is
formed when heated to 1600°C. Heating in He resulted in SiC for both samples. An Ar
atmosphere resulted in a mixed phase of SiC and Si3N4 for the neat PVSZ, while in the ethanolmodified sample only SiC was observed. An NH3 atmosphere gives crystalline Si3N4. Heating
in N2 gives a comparatively amorphous char, with the aluminum sample holder being the
strongest reflection. The neat PVSZ forms Si3N4, while a mixture of SiC and Si3N4 was
observed for the ethanol-modified sample. Based on the difference between samples heated in
the Ar and N2 atmospheres, the addition of ethanol favors the formation of SiC, likely due to the
additional carbon present.
2.6 Conclusions
This investigation explored the synthesis of a new ethanol-modified polyvinylsilazane
system. Polyvinylsilazane was synthesized via the ammonolysis of vinyltrichlorosilane in
tetrahydrofuran. Ethanol was added to the polymer at 15% by weight, having shown that
addition significantly extended the shelf life of the polymer. The new ethanol-modified PVSZ
system was shown to still have an 85% ceramic yield when compared to the neat PVSZ system
when heated to 1500°C in Ar. RGA analysis showed that ethanol was completely removed from
the system at 400°C. The two polymer systems were also characterized by ATR, 1H - NMR, and
GPC. Both polymers were shown to yield a crystalline ceramic material when heated in a
variety of atmospheres; particularly of interest was the ability to form a range of mixtures of SiC
and Si3N4. The ethanol-modified PVSZ resin retained the ability to be formed into a free-
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standing monolith. The ethanol-modified PVSZ resin system retains the desirable properties of
the neat PVSZ polymer, while dramatically extending its shelf-life.
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______________________________________________________________________________

Chapter 3
Deposition and Characterization of a ZnO / SiO2
Duplex Interfacial Coating on Oxide Fiber

3.1 Oxide Interfaces
Non-oxide interface materials such as pyrolytic carbon,[69] boron nitride,[70] and
multilayered BN/Si3N4 or BN/SiC[23] have been thoroughly explored as interface materials.
These interfaces do have a notable shortcoming in that they are highly susceptible to oxidation.
Pyrolytic carbon will oxidize resulting in a weakened composite,[69] while the interaction of
boron nitride with oxygen at high temperatures results in the formation of B2O3. These intrinsic
properties limit the usability of interfaces without taking strides to ensure the interface is
completely protected. An oxide interface would address this problem, but there are a limited
number of developed oxide interfaces. Monazite (LaPO4)[71] and scheelite (CaWO4) [72] have
both been thoroughly explored, but they suffer from processing problems, resulting in lower
composite strengths. SnO2 and ZrO2 have similarly been investigated,[73] but the coatings
formed were porous which is undesirable in a fully dense CMC.
While searching for alternative oxide interface materials, our group investigated the use
of ZnO as a candidate coating.[74]

It was quickly discovered during attempts at composite

fabrication that the ZnO interface was easily reduced when the matrix was added, so a coating of
SiO2 was deposited to protect the ZnO. This duplex interface was applied to several different
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types of non-oxide fiber (CG-Nicalon™, Hi-Nicalon™, and Hi-Nicalon Type-S™) and showed a
substantial decrease in strength for the lower grade fibers, but the Hi-Nicalon Type-S™ showed
promise. In order to expand the potential applications of this system we have attempted to
deposit the duplex coating on an oxide fiber, which will be fundamental work for making an
oxide/oxide CMC. By having a system composed of only oxides, oxidation would no longer be
an issue. One of the other problems with the initial system lies with the SiO2 coating. Our
current atmospheric pressure CVD reactor deposits SiO2 in atmospheric pressure at a rate of 50
nm/hr. This necessitates running the reactor for excessive lengths of time to obtain desired
thicknesses. It also requires a separate, smaller reactor which heavily restricted the amount of
fabric that could be coated. Our goal is to modify the current larger LP-CVD reactor to
accommodate both ZnO and SiO2 coating to allow for greater amounts of fabric to be coated.
Nextel™-440 (3M) has been selected as the substrate for this work. While Nextel™-440 has
comparatively lower strength for an oxide fiber, this fiber is far more cost effective for trial runs
than the alternatives such as Nextel™-610 or 720.
3.2 Experimental
All coatings were deposited in a hot wall LP-CVD reactor (Figure 3.1). A second,
smaller hot-walled vaporizing furnace was used to evaporate the zinc acetate dihydrate (Sigma
Aldrich, 98%) precursor. Zinc acetate dihydrate decomposes when heated via Equations 3.1 and
3.2.
Equation 3.1

4[Zn(CH3CO2)2 · 2H2O](s) → Zn4O(CH3CO2)6(s) + 7H2O(g) + (CH3CO)2O(g)

Equation 3.2

Zn4O(CH3CHO2)6(g) → 4 ZnO(s) + 3(CH3CO)2O(g)
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An 8’ fused silica tube with a 3” inner diameter was used as the main reaction area. Stainless
steel end caps were used in conjunction with Swagelock™ compression fittings on the injector
rods to seal the reactor. MKS™ mass flow controllers (MFCs) were used to regulate the UHP
oxygen and UHP nitrogen (Airgas™) flows in the system. An MKS™ absolute pressure
transducer was used to monitor the pressure. A liquid nitrogen trap and particulate trap helped
prevent any reaction byproducts from reaching the pump. To achieve vacuum, a Welch model
1402 Duo Seal™ vacuum pump was employed.

Figure 3.1 – Diagram of reactor for ZnO deposition.
A 6” by 8” piece of flame-desized Nextel™-440 was rolled into a loose tube. It was then
wound and secured with T300 carbon fiber (Toray Industries, Inc.). The fabric roll was placed
41” from the front of the quartz tube in the reactor, well within the deposition zone for both ZnO
and SiO2. A boat was loaded with zinc acetate dihydrate and then placed 20” from the front of
the quartz tube, locating it in the middle of the vaporization furnace. The reactor was then sealed
and evacuated to an ultimate pressure of approximately 0.2 torr. The main furnace was heated to
350°C, flowing 30 sccm O2 and 100 sccm N2 through the system. When the main furnace’s
temperature had equilibrated, the vaporizing furnace was turned on, and allowed to slowly heat
up to 250°C. The system pressure would increase as the zinc acetate vaporized and deposited in
the main furnace. When then system pressure had dropped back to its base level, the deposition
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had ceased. The fabric was evaluated and flipped around, then replaced and the process was
repeated ensure a uniform coating across the length of the fabric.
Once a ZnO layer was applied to the fabric, a SiO2 protective layer would be deposited
(Figure 3.2). Tetraethylorthosilicate (TEOS) (Sigma Aldrich, 98%) was used as a precursor.
The ZnO coated fabric was again placed 41” into the reactor and the reactor was sealed. The N2
line was swapped to pass through the TEOS bubbler and then through the long injector rod. This
ensures the TEOS made it into the large furnace. The O2 line was attached to the shorter injector
rod. The main furnace was brought to temperature, while the vaporization furnace was unused.
Vacuum was pulled on the TEOS bubbler while the N2 MFC was kept off. Once vacuum in the
bubbler was achieved, the MFC was turned on and the deposition was started.

Figure 3.2 – Diagram of reactor for SiO2 deposition.
Tensile testing of the coated fabric was performed using an Instron™ 1011 universal
testing machine. Single tows were removed from the coated fabric and mounted on a 1.5” x 4”
cardboard holder with an open gauge window. An epoxy resin was used to affix the tow to the
cardboard holder. A thin coat of an acrylic binder was applied to the samples before testing to
ensure that the samples broke uniformly. The mounted samples were placed in the Instron and
the sides of the gauge window were carefully cut so that only the fiber was tested. Samples were
broken using a crosshead speed of 0.01”/min.
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3.3 Characterization
Fabric samples were analyzed using X-Ray Diffraction (XRD) to determine the
crystalline nature of the coated materials. XRD patterns were obtained with a Scintag 2000
XDS with a Cu Kα (1.5418 Å) x-ray source with a beam voltage of 45 kV and a beam current of
40 mA. The samples were analyzed from 5° to 90° at a scanning rate of 2°/min. X-ray
diffraction patterns were confirmed using Joint Committee on Powder Diffraction Standards
(JCPDS) cards. Coating thicknesses and surface morphology were determined using a Zeiss
DSM 982 Gemini FE-SEM with an accelerating voltage of 2 kV and a beam current of 1 mA.
Depth profile measurements and interface interactions were obtained with a Perkin-Elmer PHI
610 Scanning Auger Microscope (SAM).
3.4 Results
3.4.1 X-Ray Diffraction
XRD of the ZnO/SiO2 duplex is shown in Figure 3.3, while Table 3.1 compares the
experimental data to the JCPDS card for zincite. The only reflections observed in the duplex
coating are those of ZnO, indicating the deposited silica layer is amorphous. These reflections
align closely with the expected reflections for the zincite phase.
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Figure 3.3 – XRD of ZnO/SiO2 coated Nextel™-440.

2θ
32.0
34.7
36.5
47.7
56.8
63.0
66.6
68.1
69.3
77.1

Experimental
I
3100.0
1221.7
3140.0
626.7
1581.7
781.7
458.3
733.3
553.3
206.6

I/Io
98.7
38.9
100.0
20.0
50.4
24.9
14.6
23.4
17.6
6.6

2θ
31.7
34.4
36.2
47.5
56.6
62.8
66.4
67.9
69.1
76.9

36-1451
I/Io
57.0
44.0
100.0
23.0
32.0
29.0
4.0
23.0
11.0
4.0

hkl
100
002
101
102
110
103
200
112
201
202

Table 3.1 – Experimental data compared to JCPDS card for zincite.
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3.4.2 Scanning Auger Microscopy
Scanning Auger Microscopy (SAM) was utilized to observe the interfacial effects
between the coating layers. Figure 3.4 shows the atomic concentration obtained for the
outermost coating.

Figure 3.4 – Scanning Auger Microscopy atomic concentration of the silica coating.
Silicon and oxygen are the only elements observed on the surface. Figure 3.5 shows a
depth profile of the SiO2/ZnO duplex on Nextel™-440 fiber.
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Figure 3.5 – Auger depth profile of SiO2 / ZnO coated Nextel™-440.
The scanning Auger depth profile shows crisp transitions between the interfacial layers.
Note that the atomic concentration of Zn is higher than one would expect, indicating we are not
forming stoichiometric ZnO. The presence of free Zn was observed in our previous work, and
remained despite using oxygen heat treatments in an attempt to fully react the free Zn to ZnO.
There also appears to be a small amount of silicon migration into the ZnO coating layer,
although zinc silicate was not observed in the XRD.
3.4.3 Scanning Electron Microscopy (SEM)
Figures 3.6, 3.7 and 3.8 show representative micrographs of the coated samples. Figure
3.6 shows an SEM micrograph of a Nextel™-440 fiber coated using 5 g of zinc acetate.
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Figure 3.6 – SEM micrograph of ZnO coating deposited using 5 g of zinc acetate dihydrate
on Nextel™-440.
Figure 3.7 shows an SEM micrograph of a Nextel™-440 fiber coated using 5 g of zinc
acetate dihydrate and 15 minutes of silica deposition.

Figure 3.7 – SEM micrograph of ZnO / SiO2 layers on Nextel™-440.
Figure 3.8 shows an SEM micrograph of a Nextel™-440 fiber coated using 5 g of zinc
acetate dihydrate and 60 minutes of silica deposition.
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Figure 3.8 – SEM micrograph of ZnO and a thicker SiO2 layer on Nextel™-440.
3.4.4 Effect of Precursor Mass on Coating Thickness
Table 3.2 below shows the relationship between the mass of zinc acetate dihydrate placed
in the vaporizer furnace and the resulting coating thickness on the fabric.

Zn(Ac)
Mass of Precursor (g)
2
5
10
20
35

ZnO
Coating Thickness (nm)
250
600
1800
2500
3000

Table 3.2 – ZnO coating thickness obtained from various precursor masses.
There is a distinct increase in coating thickness as precursor mass is increased. The
obtained thickness in nanometers is nominally 100 times the starting mass of zinc acetate.
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3.4.5 Effect of Deposition Time on Coating Thickness
Table 3.3 provides the silica coating thickness related to the length of deposition time.
There is a clear trend showing an increase in deposition time leading to a linear increase in silica
coating thickness.
Time for TEOS Flow (min)
15
30
60
120

Coating Thickness (nm)
90
170
260
530

Table 3.3 – SiO2 deposition times and resulting thicknesses.
3.4.6 Tensile Testing
Table 3.4 shows a summary of tensile testing data obtained for the various coated
Nextel™-440 samples. All coated samples were desized prior to coating using a Bunsen burner
to burn off the sizing (flame desized). The mass in the ZnO coated samples refers to the amount
of zinc acetate placed in the vaporizing furnace during the coating. The silica overcoats were all
deposited on samples that were coated using 5 g of zinc acetate. Unless otherwise specified,
silica coatings were deposited at 700°C.

54

Sample

Breaking
Force (lbs)

Tensile
Strength (ksi)

Tensile Strength
(GPa)

Nextel™-440 sized
Nextel™-440 flame
desized
Nextel™-440 furnace
desized

14.5 ± 1.2
7.0 ± 2.3

130.0 ± 11.0
63.0 ± 21.0

0.90 ± 0.08
0.43 ± 0.14

% Decrease in
Strength Relative to
Sized Nextel-440™
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12.3 ± 2.2

110.3 ± 19.7

0.76 ± 0.14

16

5 g ZnO coated
Nextel™-440
10 g ZnO coated
Nextel™-440
20 g ZnO coated
Nextel™-440

9.3 ± 1.1

84.0 ± 10.0

0.58 ± 0.07

36

10.1 ± 1.8

94.0 ± 16.0

0.64 ± 0.11

30

4.3 ± 0.3

39.0 ± 2.7

0.27 ± 0.02

70

15 min SiO2 coating
30 min SiO2 coating
60 min SiO2 coating
120 min SiO2 coating

3.0 ± 0.8
2.5 ± 1.3
0.9 ± 0.3
0.1 ± 0.1

27.0 ± 7.2
23.0 ± 12.0
8.1 ± 2.7
9.0 ± 9.0

0.19 ± 0.05
0.16 ± 0.08
0.06 ± 0.02
0.01 ± 0.01

79
83
94
99

800°C SiO2 30 min
700°C SiO2 30 min
600°C SiO2 30 min
500°C SiO2 30 min

2.0 ± 1.1
2.5 ± 1.3
2.9 ± 1.8
3.4 ± 1.1

18.0 ± 10.0
23.0 ± 12.0
26.0 ± 16.0
31.0 ± 10.0

0.14 ± 0.07
0.16 ± 0.08
0.18 ± 0.11
0.21 ± 0.07

86
83
80
77

Table 3.4 – Compiled Tensile Data for ZnO/SiO2 Coated Nextel™-440.
3.5 Discussion
XRD analysis of the duplex coating showed that only the zincite phase of ZnO is
observed, indicating that the coated SiO2 is amorphous. While the Auger depth profile showed
migration of silicon into the ZnO layer, neither free zinc, silicon, or zinc silicate reflections were
observed.
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Atomic concentration obtained from Auger analysis determined that the deposited silica
layer is free from carbon contamination. Further, the Auger analysis also showed sharp
transitions between the fiber and coated layers. A small amount of silicon diffusion into the ZnO
layer was observed. This was attributed to the porosity of the zinc oxide.
The thickness of both the ZnO and SiO2 layers correlates with the mass or deposition
time used during the coating procedure. The ZnO coating thickness was more difficult to
control, but it deposits roughly 100 nm of ZnO for every gram of zinc acetate precursor used.
Silica deposition occurred quickly during the shorter runs, but normalized to 260 nm/hr as run
time was increased.
Strength data was overall very consistent, showing a decrease in the strength of the
coated fibers as coating thicknesses were increased. Baseline Nextel™-440 showed an average
breaking force of 14.5 lbs, which is in line with their reported value of 14 lbs. Thin coatings of
ZnO using 5 and 10 g of precursor showed a strength knockdown of up to 35%, a bit worse than
what was previously observed for CG-Nicalon™. Thicker coatings of ZnO resulted in a more
dramatic decrease in strength. Silica coating dramatically decreased the strength of the ZnO
coated Nextel™-440. The thinnest 15 minute deposition resulted in a 45% drop in strength from
the already weakened ZnO coated material. This correlates with the behavior previously
observed for CG-Nicalon™. Thicker coatings of silica significantly degraded the fiber, resulting
in a brittle material. Silica deposition at higher temperatures also resulted in a weaker material,
while lower temperature depositions yielded higher tensile strengths.
Desizing of the Nextel™-440 led to a dramatic drop in strength, that was initially
attributed to the fiber not breaking uniformly without the sizing to hold the tows together. An
acrylic binder was used in an attempt to address this, but the large strength loss was still
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observed. The flame desizing procedure was then investigated as a possible cause for the
dramatic strength knock down, despite this not having been an issue with the Nicalon™ fibers.
A sample of Nextel™-440 was placed in the furnace, and heated to 400°C under flowing N2 as
an alternative sizing removal method. A brief increase in the reactor’s pressure was observed as
the sizing decomposed and volatilized. When tows were removed from this sample and tested,
the average tensile strength was found to be 110 ksi. Compared to the average of 63 obtained
from the flame desizing, this is clearly a preferable method for retaining the strength of the fiber
before coating and future desizing should be done this way.
There is still a distinct decrease in strength as the zinc acetate precursor amount is
increased, since this results in a thicker coating. The silica deposition results in a drastic
decrease in tensile strength, dropping to 79% of the initial strength for even a thin coating. A
120 minute coating has functionally destroyed the fiber, with 99% strength loss. Temperature
studies for the silica deposition showed that as the deposition temperature was decreased, fiber
strength increased. SiO2 coatings were obtained as low as 500°C.
3.6 Conclusions
This work focused on the deposition of a duplex ZnO/SiO2 coating on Nextel™-440. We
have further refined our coating methodology, and can now coat both ZnO and SiO2 in a single
LP-CVD reactor. We have also substantially reduced the time required to deposit silica utilizing
the low pressure reactor. Having obtained a thickness of 250 nm of silica in one hour using the
low pressure setup, we can now deposit five times faster than before. XRD analysis of the
duplex coating showed that only the zincite phase of ZnO is observed, indicating that the coated
SiO2 is amorphous. The ZnO/SiO2 coating can be readily coated on oxide fiber, opening up new
viable fiber/interface combinations.
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______________________________________________________________________________

Chapter 4
Synthesis and Characterization of an End-Capped
Polyvinylsilazane

4.1 Polysilazanes Continued
Pre-ceramic polymers have garnered substantial attention as precursors to high
temperature ceramics such as silicon carbide or silicon nitride.[75-79] These polymers have found
significant use in the fabrication of ceramic matrix composites (CMCs) as the matrix material
precursor due to the high hardness, chemical inertness, and high temperature stability of the
resulting ceramic. Previously, our research group synthesized a polyvinylsilazane pre-ceramic
polymer.[59] This polymer demonstrated several desirable properties such as a high ceramic yield
(88%) and the ability to form either silicon carbide or silicon nitride depending on pyrolysis
atmosphere. This polymer suffers from one notable drawback, in that the polysilazane is very
moisture sensitive and tends to cross-link when exposed to ambient atmosphere.
In order to address the stability issue, our group has tried two different approaches. The
first attempt to improve stability was to decrease the number of vinyl moieties by using
methyldichlorosilane as a second monomer.[63] Since a larger number of vinyl moieties was
shown to decrease the temperature necessary to cross-link the polymer,[60] introducing the second
monomer was intended to space the vinyl moieties further apart. Our second attempt was the
synthesis of an ethanol-modified PVSZ polymer, which demonstrated a substantial increase in
stability.[80] This was attributed to the attachment of ethoxy groups to silicon in the backbone of
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the polymer, which helped increase the hydrophobicity of the polymer. The ethanol-modified
polymer had a slightly lower ceramic yield (86%), and the ceramic obtained by pyrolysis favored
carbon containing compounds due to the carbon from the ethoxy groups.
Polysilazanes can evolve ammonia over time, due to condensation reactions between
terminal amines on the polymer.[68] This can impact the stability of the system, since the
condensation reactions can ultimately cause the polymer to cross-link. We have previously
noted ammonia evolution from our sealed polymer samples, indicating this may have been one
of the mechanisms resulting in premature cross-linking. In this work, we have synthesized a new
polysilazane system that attempts to address this issue, while also keeping in mind the stabilizing
effect the addition of an alkane group had on the polymer. This new polymer is prepared from
the co-ammonolysis of vinylttrichlorosilane (VTCS) and trimethylchlorosilane (TMCS). By
incorporating terminal methyl groups into the polymer, the terminal amine condensation
reactions will be inhibited. These methyl groups should behave in a similar fashion as the
ethoxy groups on the ethanol-modified polymer, providing hindrance for moisture attacking the
polymer backbone and therefore increase stability in ambient atmosphere.
4.2 Experimental
4.2.1 End-Capped Polyvinylsilazane Synthesis
End-capped polyvinylsilazane (EC-PVSZ) was synthesized by adding 200 mL of silane
precursors to 2000 mL of tetrahydrofuran (Sigma-Aldrich®) in a 4 L Erlenmeyer flask. The
silane precursors were vinyltrichlorosilane (Gelest™) and trimethylchlorosilane (Gelest™) in 10
to 1, 6 to 1, and 3 to 1 ratios by volume. Samples prepared beyond 3 to1 VTCS to TMCS did not
result in an appreciable increase in stability. This was carried out in an inert glove bag due to the
moisture sensitivity of the precursors. Once the two precursors and solvent were mixed, the
flask was sealed and quickly transferred to the ammonolysis setup. The flask was equipped with
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two 9 mm, fused silica injector rods passing through a rubber stopper, one acting as an inlet for
Ultra High Purity (UHP) nitrogen and anhydrous ammonia gas (Airgas), the other as exhaust. A
stir bar was placed in the system to help break up ammonium chloride that formed during the
reaction. The setup is pictured in Figure 4.1.

Figure 4.1 – Diagram of reactor vessel used to synthesize EC-PVSZ.
Initially the reaction was exothermic, but this gradually dissipated as the reaction
progressed.

Once the exothermic reaction had stopped, the reaction mixture was shaken to

break up the NH4Cl agglomerates that had formed. The reaction mixture was allowed to reach
room temperature, and the flask was shaken until ammonia continued to pass from the exhaust
line with no drop in flow. The reaction mixture will reach a texture/consistency similar to
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“cottage cheese”, indicating the reaction is complete. The overall reaction took approximately 8
hours to reach completion.

Figure 4.2 shows a sample reaction of the two monomers

polymerizing.

Figure 4.2 – Co-ammonolysis of vinyltrichlorosilane and trimethylchlorosilane.
The reaction mixture was filtered through a sintered glass fritted funnel, separating the
NH4Cl from a yellowish colored mixture of THF and end-capped polyvinylsilazane. The THF
was removed by a low pressure (<1 torr) vacuum yielding a yellow polymer not dissimilar from
neat PVSZ.
4.2.2 Stability Study
A stability study was established by placing samples of unmodified PVSZ, 10:1 ECPVSZ, 6:1 EC-PVSZ, and 10:1 EC-PVSZ in open vials, sealed vials, and vials sealed with
Parafilm®. The sealed vials were purged with UHP N2 (Airgas) before sealing. The samples
were observed periodically, and it was noted when the samples cross-linked.
4.3 Characterization
ATR characterization was done using a Nicolet® iS5 spectrometer with a Ge plate. Peaks
were assigned with assistance from a compilation of organosilicon species.[65] Molecular masses
of the polymers were determined using a GPC Viscotek MAX TDA 302 tetra-detector using
polystyrene standards. Thermogravimetric analysis was carried out with a SDT Q600 TGA.
Samples of the polymers were heated to 200°C in N2, then placed in the TGA and heated under
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flowing UHP argon at a rate of 5°C/min up to 1400°C. RGA was done with a MKS Cirrus™
benchtop atmospheric residual gas analyzer. A sample of EC- PVSZ was placed in a quartz boat
and taken to 1000°C at a rate of 10°C/min in a hot walled reactor. UHP argon was flowed
continuously over the sample and a 3/8” (0.9525 cm) Swagelock® Ultra-Torr vacuum fitting was
used to connect the end of the reactor to the RGA. Fragmentation patterns were determined
using NIST’s online database.[67] Ceramic powders for X-ray diffraction were prepared by
heating samples of PVSZ and EC-PVSZ resins in alumina boats to 1600°C under different
atmospheres (UHP He, UHP Ar, UHP N2, and anhydrous NH3). Samples were heated at a rate
of 2°C/min to 1600°C, held at temperature for an hour, and then allowed to cool slowly to room
temperature. XRD patterns were obtained with a Scintag 2000 XDS instrument with a Cu Kα
(1.5418 Å) X-ray source with a beam voltage of 45 kV and a beam current of 40 mA. The
sample was analyzed from 5° to 90° at a scanning rate of 2°/min. X-ray diffraction patterns were
confirmed using Joint Committee on Powder Diffraction Standards (JCPDS) cards.
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4.4 Results
4.4.1 Stability Study
Results of the stability study are shown in Table 4.1.
Time to crosslink
VTCS to TMCS
ratio

Open to air

Sealed with top

Sealed with Parafilm® and
top

1:0

20 minutes

2 days

30 days

10 : 1

6 hours

7 days

61 days

6:1

12 hours

20 days

139 days

3:1

57 hours

37 days

Still stable as of 350 days

Table 4.1 – Amount of time resin systems took to cross-link in varying environments.
4.4.2 Attenuated Total Reflectance Spectroscopy
ATR was used to analyze differences between the neat and end-capped
polyvinylsilazanes observed in Figure 4.3. Samples of neat PVSZ and 10:1, 6:1, and 3:1 ECPVSZ were heated under UHP N2 for 2 hours at 100°C to drive off excess THF. The samples
were found to have an absorption band at 3375 cm-1 which was assigned to N-H, with peaks
indicating Si-CH=CH2 found at 1600 cm-1, 1410 cm-1, 1010 cm-1 and 900 cm-1. Si-N-Si was
assigned to the strong peaks at 1175 cm-1 and 915 cm-1. The most important change is observed
at 857 and 837 cm-1, corresponding to the Si-CH3 bond. As the loading of trimethylchlorosilane
increased the signals at 857 and 837 cm-1 also increased. Another small signal that grows at
1250 cm-1 is also attributed to this group.
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Figure 4.3 – ATR spectra of PVSZ, 10:1 EC-PVSZ, 6:1 EC-PVSZ, and 3:1 EC-PVSZ.
4.4.3 Gel Permeation Chromatography
Gel permeation chromatography (GPC) was used to determine if carrying the ratio of
vinyltrichlorosilane to trimethylchlorosilane had an impact on the average polymer mass. Table
4.2 is a compilation of the observed peak midpoints and their relative areas, while Figure 4.4
shows a representative spectrum obtained from the evaporative light scattering detector, the peak
midpoints, and the percent area of each peak.
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PVSZ
10:1 EC-PVSZ
6:1 EC-PVSZ
3:1 EC-PVSZ

MP 1
(g/mol)
825
1197
944
1149

Area 1
(%)
67.87
46.45
63.26
59.10

MP 2
(g/mol)
84
167
126
167

Area 2
(%)
32.13
53.55
36.74
40.9

Table 4.2 – GPC peak midpoints and areas for PVSZ and EC-PVSZ systems.

Figure 4.4 – GPC spectrum for 3:1 EC-PVSZ.
Each sample shows two peaks, the first of which corresponds to the final polymer mass.
The second peak is the remaining unreacted monomer and other low molecular weight
oligomers.
4.4.4 Residual Gas Analysis
Residual gas analysis (RGA) was performed to determine if the addition of
trimethylchlorosilane resulted in different gaseous species being evolved during pyrolysis.
Figure 2.6 shows hydrogen, ammonia, and methane fragmentation for unmodified polysilazane,
which are the largest observed signals. NH3 is attributed to m/z 17 and 16, CH4 is attributed to
m/z 16 and 15, and H2 is given by m/z 2. Figure 4.5 shows hydrogen, ammonia, and methane
fragmentation for 3:1 EC-PVSZ.
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Figure 4.5 – RGA showing mass fragments of H2, NH3, and CH4 for 3:1 EC-PVSZ.

4.4.5 Thermo-Gravimetric Analysis
Thermogravimetric analysis was run on the different PVSZ and EC-PVSZ systems to
observe any changes in ceramic yield. The samples were heated in the TGA to 1400°C at a rate
of 5°C/min under UHP argon flowing at 100 sccm. Figure 2.7 shows the TGA curve for neat
PVSZ, while Figures 4.6, 4.7, and 4.8 show the TGA curves for the EC-PVSZ systems.
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Figure 4.6 – TGA curve of 10:1 EC-PVSZ. 78% ceramic yield.
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Figure 4.7 – TGA curve of 6:1 EC-PVSZ. 79% ceramic yield.
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Figure 4.8– TGA curve of 3:1 EC-PVSZ. 78% ceramic yield.
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4.4.6 X-Ray Diffraction
XRD was performed on samples of ceramic char of PVSZ and the three EC-PVSZ
polymers that had been heated to 1600°C. Samples were heated in He (Figure 4.9), Ar (Figure
4.10), N2(Figure 4.11), and NH3 gas (Figure 4.12), at a heating rate of 2°C/min up to 1600°C,
held for an hour and then allowed to cool. Heating in He (Figure 4.9) yielded a mixture of
predominantly β-SiC (JCPDS 29-1129) with an α-SiC (JCPDS 29-1131) modification.

Figure 4.9 - XRD analysis of PVSZ and EC-PVSZ resins heated to 1600°C in helium. A
mixture of α-SiC and β-SiC is obtained for both samples.
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Heating in Ar (Figure 4.10) yielded a mixture of predominantly β-SiC (JCPDS 29-1129)
with an α-SiC (JCPDS 29-1131) modification in for all resin systems. Small α -Si3N4 (JCPDS
41-360) reflections were observed in the 10:1 EC-PVSZ and neat PVSZ resin system chars.

Figure 4.10 - XRD analysis of PVSZ and EC-PVSZ resins heated to 1600°C in argon. A
mixture of α-SiC and β-SiC is obtained for all samples, with a small amount of α-Si3N4
observed in the PVSZ and 10:1 EC-PVSZ.
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Heating in N2 (Figure 4.11) resulted in a far more amorphous char. Distinct SiC (291129) and Si3N4 (41-360) reflections are observed for the 6:1 and 3:1 EC-PVSZ.

Figure 4.11 - XRD analysis of PVSZ and EC-PVSZ resins heated to 1600°C in nitrogen.
PVSZ and 10:1 EC-PVSZ are nearly amorphous, with visible SiC and Si3N4 reflections
emerging in the 6:1 EC-PVSZ and 3:1 EC-PVSZ systems.
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Heating in NH3 (Figure 4.12) gave α-Si3N4 (JCPDS 41-360) reflections were observed for
all systems.

Figure 4.12 - XRD analysis of PVSZ and EC-PVSZ resins heated to 1600°C in ammonia.
All resins show pure α-Si3N4.
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4.5 Discussion
The stability of the EC-PVSZ systems is noticeably greater than the unmodified PVSZ.
Addition of the trimethylchlorosilane shows the stability in when exposed to air increase from a
matter of minutes to several hours. At the highest loading, the stability increases to a number of
days. When placed in a sealed vial, PVSZ cross-linked in 2 days. The lowest loading of
trimethylchlorosilane cross-linked in 7 days, while the highest loading took 40 days, a twentyfold increase. Finally, the PVSZ placed in a vial sealed with Parafilm® took roughly a month to
gel. The 10:1 EC-PVSZ took roughly 2 months, while the 6:1 EC-PVSZ cross-linked after 4
months and the 3:1 EC-PVSZ sample remains stable 6 months after the study began. This
demonstrates rather conclusively that increasing the amount of trimethylchlorosilane in the
monomer reaction mixture results in a definite increase in resin stability.
ATR spectroscopy confirmed the presence of Si-CH3 bonding appearing in the
synthesized polymer. As the loading of trimethylchlorosilane was increased the corresponding
peaks for Si-CH3 at 857 and 837 cm-1 grew.
GPC did not demonstrate any clear trends regarding the amount of trimethylchlorosilane
introduced in the synthesis. Previously, our PVSZ system had an average molecular mass of 880
Da. The EC-PVSZ systems each showed an increase in average mass, with the lowest increasing
to about 940 Da, and the largest increasing to nearly 1200 Da. TMCS loading did not result in
any trends in peak area size, indicating that the amount of residual low weight oligomers
remained roughly the same in each synthesis. While an increase in molecular weight often
results in a higher ceramic yield,[40] the TGA demonstrated this trend did not occur.
RGA showed similar behavior for the evolution of CH4 and NH3 when PVSZ and ECPVSZ were heated under inert conditions. EC-PVSZ evolved a substantially larger amount of
hydrogen, which makes sense considering the new precursor. Since TMCS carries nine
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hydrogens, more hydrogen is incorporated into the side groups resulting in a larger evolution of
H2.
TGA of the unmodified PVSZ system gives a ceramic yield of 88%. All of the EC-PVSZ
polymers showed a decrease in ceramic yield to 78%, a 10% decrease. Since we have decreased
the number of terminal amines, condensation reactions which were previously occurring with
lower weight oligomers may no longer be taking place, accounting for the lower yield. ECPVSZ has a slightly lower ceramic yield compared to Ceraset Polysilazane-20 (82%).[61]
Interestingly, all three EC-PVSZ systems have the same ceramic yield regardless of
trimethylchlorosilane loading. This would indicate the 3:1 EC-PVSZ system is preferable since
it demonstrated the highest stability and had an identical ceramic yield to the other two modified
polymers.
XRD diffraction patterns showed similar pyrolysis behavior to what was observed with
the neat PVSZ and ethanol-modified PVSZ compositions. In general, the addition of more
trimethylchlorosilane resulted in higher carbon incorporation in the char which favored
formation of SiC. This is consistent with behavior of SiCN ceramics above 1440°C.[49]
Pyrolysis in He resulted in SiC for all samples. Heating in Ar resulted in only SiC for the 6:1
and 3:1 EC-PVSZ, while the 10:1 EC-PVSZ and neat PVSZ showed small Si3N4 reflections as
well. Pyrolysis in N2 resulted in an amorphous char for PVSZ, with increasingly crystalline SiC
and Si3N4 as trimethylchlorosilane loading was increased. These samples were notably less
crystalline than the others. Finally, heating in NH3 resulted in α-Si3N4 for all systems.
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4.6 Conclusions
A new end-cap modified polysilazane polymer has been synthesized and characterized.
The EC-PVSZ polymers were synthesized via the co-ammonolysis of trichlorovinylsilane and
trimethylchlorosilane. The EC-PVSZ systems were shown to have a substantially improved
stability, remaining liquid over six months at room temperature. The EC-PVSZ polymers were
characterized using ATR and GPC which confirmed the addition of terminal methyl groups to
the polymer. TGA showed that the EC-PVSZ polymers have a 10% lower ceramic yield than the
unmodified PVSZ, which appears to be the compromise for the newfound stability. XRD
showed that ceramic chars ranging from amorphous to crystalline and having varying
compositions of SiC and Si3N4 were obtained depending on pyrolysis atmosphere. The ECPVSZ polymer, while no longer boasting the superior ceramic yield of PVSZ, shows a stability
that would allow the polysilazane to be used for commercial applications.
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______________________________________________________________________________

Chapter 5
Conclusions and Future Work

5.1 Conclusions
The research outlined in this dissertation addresses new interface and matrix materials
used for the fabrication of ceramic matrix composites. The deposition of the ZnO and SiO2
duplex interface system offers a new approach for the fabrication of a CMC entirely composed
of oxides. Fundamental work on the deposition parameters allows for control over the deposited
coatings thicknesses, with clear transitions between interface layers being observed. The
interfacial coating thickness’s impact on fiber strength was discussed.
Two new approaches to addressing the stability of the PVSZ polymer system have
proven successful. The ethanol-modified PVSZ system showed comparable properties to the
neat PVSZ polymer, while greatly inhibiting its tendency to cross-link. Most importantly, the
ethanol-modified PVSZ polymer retained the high ceramic yield and ability to form different
ceramic materials depending on pyrolysis atmosphere. The end-capped PVSZ addressed the
stability issue by incorporating a new monomer during the polymer synthesis. The new ECPVSZ polymer boasted far superior stability. This came at the cost of a lowered ceramic yield,
similar to that of comparable commercial resins. Some potential future avenues for this work
follow.
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5.2 Future Work
Our lab currently has the capacity to make interface coatings and matrix materials. We
are missing the capacity to spin our own fibers, which would be an interesting avenue to explore.
We already possess a candidate precursor in the form of the PVSZ resin, which should yield a
fairly similar material to the SiNC-1400X MaTECH fiber. Once a fiber spinning setup is
developed, we could explore oxide based fibers using our alumina and silica sols.
For the oxide interface coatings, other oxide fibers would be the next logical substrates to
explore. Nextel-440™ only retains its strength up to 1000°C, while Nextel-610™ begins to lose
strength at 1200°C and Nextel-720™ begins to lose strength at 1400°C. Since ZnO and SiO2
both melt above that temperature, a high temperature oxide CMC could be fabricated. If for cost
reasons it was necessary to continue using Nextel-440™, higher strength coatings could be
obtained if the flame desizing procedure was dropped in favor of desizing in the furnace.
The oxide reactor design can be further streamlined. The addition of several on/off
valves removes the need to swap lines between the ZnO and SiO2 coatings. Figure 5.1 shows a
proposed schematic for this system.

Figure 5.1 – Improved reactor design for duplex ZnO/SiO2 deposition.
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The ultimate goal would be to utilize these materials to form a CMC composed of solely oxides.
Development of an alumina sol that could be used as a matrix material would enable this.
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